Sediment properties such as grain shape, sorting, porosity, and the effective stress applied on the grains affect the elastic behavior of granular aggregates and, with it, the propagation of seismic waves. Seismic reflections from boundaries within granular sedimentary packs such as sands carry information about variation in the sediment properties. In this paper we analyze elastic contact mechanics models of granular media to show that within mineralogically uniform, homogeneously saturated sediments, the reflection strength can be theoretically related to variations in texture and porosity. The theoretical formulation indicates that in dry, mineralogically uniform sediments, seismic reflection amplitude depends strongly on changes in textures (such as angularity or sorting). In saturated sediments at low confining pressures, the reflection amplitude is primarily related to changes in porosity. Shallow seismic field data are interpreted quantitatively within the context of the theory. The field seismic data and supportive evidence from a nearby well are consistent with our interpretation of reflections arising from changes in textural properties of the sediment above the water table. This analysis can be used to quantify texture and porosity changes within sedimentary packets from measurements of seismic reflection strength and, thus, spatially map sedimentary properties in aquifers.
INTRODUCTION
Seismic reflection methods provide spatially continuous information about the mechanical properties of the subsurface and can be used to spatially map subsurface sedimentary properties. Many methods have been developed to relate sedimentary properties such as porosity or pore fluid to seismic observ- ables such as velocity or reflectivity. This subject, often referred to as rock physics, has been studied by many authors, especially for hydrocarbon reservoirs (e.g., Bourbie et al., 1987; Nur and Wang, 1989; Nur, 1992, 2000; Mavko et al., 1998) .
Shallow seismic reflection data have been used to characterize the stratigraphy and architecture of aquifers. Although seismic reflection techniques theoretically can provide important information for aquifer characterization (Rubin et al., 1992) , quantitative analysis of sediment properties from seismic reflection data has rarely been used to solve geoenvironmental problems-in particular, aquifer characterization problems. Near-surface materials and especially unconsolidated sediments such as sands, soil, or dirt have a unique seismic response. Their elastic moduli are very low and are sensitive to stress and depth of burial (Bachrach et al., 1998 (Bachrach et al., , 2000 Berge and Bertette-Aguirre, 2000; Zimmer et al., 2002) . The transition from unsaturated sediments to fully saturated sediments (below the water table) makes velocity analysis and seismic processing in unconsolidated sediments very difficult. Often, conventional analysis fails (Miller and Xia, 1998; Bradford, 2002) because of the low elastic moduli of nearsurface unconsolidated sediments.
Recent developments in near-surface instrumentation and acquisition technology Mukerji, 2001a, 2002) enable the acquisition of near-surface seismic reflection data with improved quality. Dense receiver array technology can be used to filter out near-surface noise and provide high-fold seismic gathers that can be used for amplitude analysis. But to utilize this technology for quantitative prediction of sedimentary properties, one needs to establish the relationship between seismic observables such as velocity and reflectivity and sediment properties such as texture and porosity. Figure 1 illustrates shallow reflection seismic data acquired using a dense receiver array. The 22-ms reflector is generated from the water table. Evidence from a nearby well indicates the surface layer is nominally homogeneous sand, without mineralogical contrast or clay lenses, extending well below the water In this paper we present theoretical formulations relating changes in seismic reflection amplitudes to changes in sediment properties such as texture, angularity, and porosity. Seismic impedance in unconsolidated sediments is analyzed using contact mechanics, and we show that theoretically the two main contributions to reflections from within a uniform, homogeneously saturated sand packet are (1) changes in porosity and (2) changes in texture. These results are consistent with laboratory observations made by Sherlock and Evans (2001) . We demonstrate the applicability of such analysis to high-resolution surface seismic data using a field example.
THEORY
We first present some basic results from contact mechanics theory for granular media. We then use the results from contact mechanics models to formulate theoretical relations between seismic reflectivity and changes in granular texture and porosity.
Elasticity of unconsolidated granular sediments
The compressional-and shear-wave velocities V p and V s in an isotropic, linear, elastic medium are given by
where ρ b is the bulk density and G ef f and K ef f are the effective bulk and shear moduli of the sediment, respectively. Unconsolidated sediments are often modeled as a pack of spheres (Murphy, 1982) . For a dry, dense, random pack of elastic spheres, the effective bulk and shear moduli can be ex- Figure 1 . Shallow seismic reflection data showing water table reflection (22 ms) and a reflection within a nominally homogeneous sand packet (17 ms). pressed as (Winkler, 1983) 
where S n and S t are the normal and shear stiffness of a twograin contact, respectively; n is the coordination number, which represents the average number of contacts per grain; φ is porosity; and R g is the grain radius. The spheres forming the random pack are assumed to be identical in terms of their density and elastic moduli. The effective Poisson's ratio ν ef f of unconsolidated sediments can be expressed using the tangential and normal stiffness as (Bachrach et al., 2000) ν
From equation 3 we can define a relationship between the tangential and normal stiffness as follows:
For a random packing of spheres, the coordination number is a function of porosity, as summarized in Figure 2 . Therefore, equations 1 and 2 clarify that the three natural mechanical parameters that govern the seismic response in unconsolidated, mineralogically uniform sediments are (1) porosity, (2) normal stiffness, and (3) tangential stiffness. Note that porosity is a volume property of the sediment, whereas normal and tangential stiffness are contact properties. The normal and tangential stiffness parameters carry information about the microgeometry and grain moduli associated with the individual contacts, as discussed below. Various contact models for S n and S t are studied in the literature (e.g., Mindlin, 1949; Digby, 1981; Walton, 1987; Figure 2. Porosity versus coordination number (after Murphy, 1982) . and Nur, 1996) . Each contact stiffness model predicts a different effective Poisson's ratio. Each contact model also assumes a certain loading path and/or boundary conditions that produce analytical expressions for the tangential and normal stiffness. For example, the Hertz-Mindlin model yields (Mavko et al., 1998) 
where a is the radius of the contact area between two grains and where G and ν are the grain shear modulus and Poisson's ratio, respectively. The radius a is related to the confining force F and the contact radius of curvature R c by the following:
Here, R c is the harmonic average of the local radii of curvature R 1 and R 2 of the two grains in contact (Johnson, 1992) :
The confining force F in equation 6 can be expressed through hydrostatic effective pressure P as follows (e.g., Marion, 1990) :
These relations allow us to estimate K dr y , the effective elastic bulk modulus of dry random sphere packs. The effective elastic moduli K sat of saturated unconsolidated sediments can be related to the effective moduli of dry sediments using Gassmann (1951) equations:
where K f l and K 0 are the pore fluid and grain bulk moduli, respectively. In equation 9, β is the Biot coefficient (Mavko et al., 1998) ,
Reflectivity between granular layers
The zero-offset seismic P-wave reflection coefficient R P0 and S-wave reflection coefficient R S0 can be calculated from the Pwave impedance Z P = ρ b V P and S-wave impedance Z S = ρ b V S by the formulas (Mavko et al., 1998) 
Here, the subscripts 1 and 2 represent the top and bottom layers across the reflecting interface, respectively, and the subscript i = P, S refers to the P-and S-wave impedances. Equivalently, considering the function Y i = log(Z i ), R P0 and R S0 can be expressed by the complete differential Y i as
In general, strong impedance contrasts can arise from mineralogical or lithological changes (e.g., sands versus clays) and from saturation changes-for example, across the water table. But now we consider a sand packet that is nominally homogeneous in its mineralogy and saturation. The grain density and elastic moduli are assumed not to vary. What can give rise to impedance contrast and seismic reflections from within such a uniform sand packet? As shown in equations 1-9, the seismic impedance ρ b V i is a function of porosity, contact stiffness, and coordination number (which is uniquely related to porosity in this study, e.g., Figure 1) . Therefore, the variable Y i is functionally related to the porosity and the contact stiffness (Y = Y (φ, S n , S τ )). Thus, the reflection coefficient for boundaries within an unconsolidated sediment satisfying equations 1 and 2 is expressed by the complete differential
Equation 12 is a sensitivity function; it shows the reflection strength of a boundary between unconsolidated sediments is related to porosity change and change in the contact stiffness (both tangential and normal). In equation 2 the contact stiffnesses S n and S τ are averaged spherically, and the effective moduli are linearly dependent on these stiffnesses. Therefore, the formalism is valid for any contact model and not just the Hertz-Mindlin model. Laboratory studies in many sands show that Poisson's ratio varies between 0.15 and 0.2 [see Spencer et al. (1994) for more details]. Bachrach et al. (2000) measure a Poisson's ratio of about 0.15 in loose beach sands using surface seismic experiments. Taking a fixed representative value of Poisson's ratio in dry sands, one can use equation 4 to eliminate the dependence on S τ in equation 12. Also, when using the Hertz-Mindlin model for tangential and normal stiffnesses (equations 5 and 6), S n can be expressed as a function of R c [see Bachrach et al. (2000) for more details]. We use equations 4 and 6 to express the shear contact stiffness as a function of the normal contact stiffness. Finally, we express the normal contact stiffness as a function of R C and the effective Poisson's ratio (assumed to be fixed). Now equation 12 can be written as a complete differential composed of two terms. The first is the volumetric change between the layers, and the second is the textural change, which is reflected by change in R c or angularity:
In the complete differential, the effective pressure, grain moduli, grain density, and effective Poisson's ratio are held constant. An example of the expected zero-offset reflection strength for dry and saturated sediments as a function of change in porosity and contact stiffness is presented in Figures 3 and 4 , respectively, for both R P0 and R S0 . These plots were generated by assuming a sediment with initial porosity of 40% and effective dry Poisson's ratio of 0.15. The effective pressure in equation 8 is calculated from the depth and density of the dry and saturated sediments using Terazahgi's (1943) effective stress law P = P ob − P p . Here, P ob = ρ b gh, where h is the depth of burial and ρ b is the bulk density of the sediment. The pore pressure P p is taken to be zero in the case of dry sediments and is equal to the hydrostatic pressure in the case of saturated sediments. In Figure 2 the porosity sensitivity is derived by keeping the contact radius fixed and calculating the reflection coefficient using equation 13. The porosity change φ of layer 2 is assumed to vary from 0 to 20%. In Figure 3 we repeat the calculations for both R P0 and R S0 , fixing the porosity and varying the contact radius change R C of layer 2. The range of R C is from 0.02 to 1, corresponding to the contact between grains with respective radii ratios ranging from 1:100 to 1:1.
ANALYSIS: SATURATED AND UNSATURATED SEDIMENT RESPONSE
The bulk density of the granular sediment is given by
where ρ s is the mineral density and ρ f l is the pore fluid density. From equations 1, 2 and 14, and assuming that for dry sediments the pore fluid density can be neglected, we can write the dry P-and S-wave velocities as
From equation 15 we see the dry P-and S-wave velocities are only weakly dependent on porosity. The contact stiffness depends on contact radius of curvature (equations 5-7) and, inversely, on the coordination number and porosity. Hence, the porosity dependence almost cancels out, and the sedimentary texture dominates the expression. This is evident in Figures 3a  and 4a , where porosity changes cause relatively small reflection coefficients while contact radius changes cause larger reflection coefficients. The saturated velocities (using Gassmann's relation) are given explicitly by 
Inspecting equation 17, we see that the P-wave velocity is affected by two terms: a dry term, which depends mostly on the contact stiffness (similar to equation 15), and a saturated term, which is the harmonic average of the bulk moduli of the fluid and the solid grains. In saturated sediments the P-wave velocity is dominated by the second term in equation 17, which is highly affected by the porosity. With depth, as the sediments experience larger confining stress, the dry moduli increase and thus the textural effects (first term) can begin to play a role. In Figure 3b we indeed see that at greater depths (>100 m), the textural effects become more dominant. At depths shallower than 100 m, the sensitivity to changes in contact radius are small in comparison to changes in porosity. The S-wave dependence in the saturated case is similar to the P-wave dry term discussed above. As for the S-wave reflectivity, we see that for dry sediments there is little sensitivity to change in porosity and great sensitivity to change in contact radius (Figures 2c and 3c ). For saturated sediments the sensitivity for both porosity and texture is large. We can summarize the results of this analysis as follows. Based on contact mechanics models, both P-and S-wave seismic reflection strengths (R P0 and R S0 ) in dry, unconsolidated, mineralogically uniform sediments are proportional to variations in texture. If the contact law is Hertzian, the variation in texture is expressed as a change in effective contact radius across the reflector within the sediment. Porosity changes contribute very little to this reflection strength. On the other hand, in saturated, mineralogically uniform granular sediments, the P-wave reflection strength is proportional mainly to changes in porosity. Textural variations affect the P-wave reflection strength only at high confining stresses (in our example, greater than 100 m). The saturated S-wave reflection strength is proportional to both porosity and texture variations.
FIELD EXAMPLE: ESTIMATING CHANGES IN TEXTURE FROM MEASURED SEISMIC REFLECTION AMPLITUDE IN A SHALLOW SAND
We apply our theoretical results to a high-resolution, very shallow 3D seismic survey performed at the University of Kansas shallow seismic test site at Great Bend, Kansas. Geological information on the site and its seismic response are given in Birkelo et al. (1987) . Baker et al. (1999) show how very shallow reflections can be imaged using a dense conventional array with a receiver spacing of 5 cm. In this study we analyze a patch of 48 shots acquired by the dense portable receiver array described in Bachrach and Mukerji (2004) . Source and receivers locations are shown in Figure 5a , and a picture of the field layout and the site investigated is given in Figure 5b .
We form a supergather (of all traces) using radial projection (Bachrach and Mukerji, 2001b) and bandpass filter the data with corner frequencies of 300, 450, 800, and 1000 Hz (Figure 6a) . This supergather represents an average sediment response over an area of 2 × 2 m. We use a t 2 gain function to compensate for attenuation and geometrical spreading (Claerbout, 1985) . Two prominent reflections are observed. The 22-ms reflection is generated from the water table and has an NMO velocity of 300 m/s. The shallower reflection at 17 ms represents a reflector within the sandbody. A nearby well indicates the surface layer is made of nominally homogeneous sand, without mineralogical contrasts, and extends well below the water table to a depth of more than 10 m (Birkelo et al., 1989) . Thus, one possibility is that the 17-ms reflector represents a contrast in sediment property (texture or porosity) within the sand layer. This prior information from the well is crucial for applying the theoretical results discussed above as they apply to a uniform lithological unit with texture and porosity changes. Estimation of the average change in sediment property from the reflection strength is performed as described below.
The minimum offset in the survey is 0.25 m. We sum all traces with offsets smaller than 0.75 m to form a supertrace displayed in Figure 6b in wiggle plot format. From this trace we calculate the amplitude envelope from the instantaneous amplitude of the trace (Yilmaz, 1987) . Then we can pick the amplitude of the reflections from the maximum amplitude of the trace (blue wiggle) or the maximum of the amplitude envelope along the reflection (red wiggle). Alternatively, we can choose a time window centered on the reflection event and calculate the rms amplitude within this window. The results using the three different estimates of the reflected amplitude are similar in this case.
As noted by Chiburis (1993) , it is always desirable to use a known reference reflector to normalize the reflectivity. In this example the water table amplitude is used to normalize the reflection amplitude within the sand. For example, the envelope amplitude at the 17-ms reflector is 10.8 and the water table envelope amplitude is 17.6. Thus, the amplitude ratio is 10.8/17.6 ∼ 0.6. Therefore, the reflectivity within the sand is 60% of the water table reflectivity. If we now assume sand with porosity of ∼40%, grain density of 2.65 g/cm 3 , unsaturated velocity of 300 m/s (as calculated from the NMO velocity of the water table reflection), and water with density of 1.0 g/cm 3 and bulk modulus of 2.25 GPa, we can calculate a theoretical reflection coefficient for the water table using equations 14, 10, 9, and 1. We assume a Poisson's ratio of 0.15 for the dry sand. The theoretical zero-offset water table reflectivity is 0.53 (using the estimated parameters above). Thus, we conclude that the reflectivity at the 17-ms boundary is 60% of this value, or about 0.32. If we use the trace maximum amplitude criterion rather than the maximum amplitude envelope criterion for estimating the reflectivity, we get a similar ratio. According to our model (Figure 3a) , porosity variations in sands cannot cause reflectivity larger than 0.05. Therefore, we have some reason to believe that the reflectivity of 0.32 is caused primarily by variations in texture.
In Figure 7 we plot the change in angularity parameter R C and expected change in reflection amplitude R P0 . If the reflection is caused only by texture variation, then a change in Figure 7 . Change in zero-offset P-wave reflectivity as a function of change in contact radius R C .
contact radius of about 0.93 is consistent with the estimated shallow reflection coefficient of 0.32 (Figure 7) . The polarity of the 17-ms reflection is similar to that of the water table reflection. Because the reflection coefficient is positive, it is clear that the boundary is between slower, poorly sorted, or angular sand to faster, well-sorted sand. The estimated R C represents the change in the effective contact radius between the layers (i.e., R C = R C1 − R C2 , where subscripts 1 and 2 represent the top and bottom layers, respectively). If we assume that the stiff configuration corresponds to material with R C2 = 1, which represents a stiff, well-sorted material with equal contact radii, then the effective contact radius for the poorly sorted material can be directly evaluated from equation 7 to be
Thus, if the ratio of the contact radii for the well sorted stiff material is 1:1 (R C2 = 1), then that for the poorly sorted material is 1:0.036. Note that the derived effective radii ratio is a mechanical parameter that may not be directly related to visual parameters such as the Weddle roundness criterion (Bogs, 1995; Bachrach et al., 2000) . However, the depositional changes in texture and porosity that give rise to the reflections can be quantified in a relative manner using equation 18. Figure 8 shows the spatial distribution of the reflector after 3D prestack migration.
SUMMARY AND CONCLUSIONS
Reflection coefficients within unconsolidated, mineralogically homogeneous sediments are governed by variations in textural and volumetric sediment properties. The textural properties may be quantified in terms of radius of curvature of grain contacts, while the volumetric property is expressed through the porosity. Angular grains have smaller radii of curvature than well rounded grains. Analysis based on contact mechanics shows that, in dry sediments, textural differences dominate the strength of the zero-offset reflectivity, R P0 and R S0 , whereas in saturated sediments porosity changes dominate R P0 . The R S0 in saturated sediments is affected by both the porosity changes and the angularity changes. Although in this paper only zero-offset reflectivities are considered, the P-and S-wave velocities and density are given explicity; thus, extension of this analysis to theoretically account for AVO effects is straightforward. By quantifying the reflection amplitude, one can estimate the texture and/or the porosity change along a reflector within a mineralogically uniform sand packet. The change in normal and tangential stiffnesses is a textural change, and the change in the porosity is a volumetric change. These results are independent of the type of contact law used. Different contact laws (Walton, 1987; Mavko et al., 1998) may give different sensitivity to textural parameters. When a HertzMindlin contact model is assumed with a constant effective Poisson's ratio, the contrast in effective contact radius for the dry sediment can be estimated from measured seismic reflections in the field. Well data indicate no variations in lithology, mineralogy, or clay content that might have given rise to the observed reflection within the dry sand packet above the water table. Although a mechanical angularity parameter was derived in the field example, it is not trivial to relate it directly to a geological angularity parameter. Further investigation is needed before a seismically derived angularity attribute can be related to a direct sedimentological estimate of angularity.
In shallow seismic reflection surveys, seismic data quality often may not be sufficiently high to perform meaningful amplitude analyses. AVO analysis is even more difficult, and nearsurface pitfalls such as poor coupling and nonlinear geophone response may further complicate such analyses [see Bachrach and Mukerji (2001b) for more details on potential near-surface pitfalls]. However, in many cases local analysis of amplitude variations can provide useful information for subsurface characterization. The field example presented in this paper shows the potential of shallow seismic data for quantitative estimation of sediment properties. In the field example, acquisition using a dense receiver array provides very good seismic data at a very shallow depth. The amplitudes, analyzed using simple assumptions, are quantitatively consistent with variations in textural properties of the sediment. As data quality for shallow seismic reflection improves, simple quantitative subsurface characterization of sediment properties, in addition to stratigraphic mapping, could play a more pivotal role in day-to-day practices.
